ABSTRACT: Cholangiocytes, the epithelial cells lining intrahepatic bile ducts, express multiple toll-like receptors (TLRs) and, thus, have the capacity to recognize and respond to microbial pathogens. In previous work, we demonstrated that TLR4, which is activated by gram-negative lipopolysaccharide (LPS), is upregulated in cholangiocytes in response to infection with Cryptosporidium parvum in vitro and contributes to nuclear factor-kappaB (NF-kB) activation. Here, using an in vivo model of biliary cryptosporidiosis, we addressed the functional role of TLR4 in C. parvum infection dynamics and hepatobiliary pathophysiology. We observed that C57BL mice clear the infection by 3 wk post-infection (PI). In contrast, parasites were detected in bile and stool in TLR4-deficient mice at 4 wk PI. The liver enzymes alanine transaminase (ALT) and aspartate transaminase (AST), and the proinflammatory cytokines tumor necrosis factor (TNF)-a, interferon (IFN)-c, and interleukin (IL)-6 peaked at 1 to 2 wk PI and normalized by 4 wk in infected C57BL mice. C57BL mice also demonstrated increased cholangiocyte proliferation (PCNA staining) at 1 wk PI that was resolved by 2 wk PI. In contrast, TLR4-deficient mice showed persistently elevated serum ALT and AST, elevated hepatic IL-6 levels, and histological evidence of hepatocyte necrosis, increased inflammatory cell infiltration, and cholangiocyte proliferation through 4 wk PI. These data suggest that a TLR4-mediated response is required for efficient eradication of biliary C. parvum infection in vivo, and lack of this pattern-recognition receptor contributes to an altered inflammatory response and an increase in hepatobiliary pathology.
Cholangiocytes, the intrahepatic biliary epithelial cells, have been increasingly recognized as significant contributors to the hepatobiliary innate immune response. While bile is considered a sterile environment, cholangiocytes are subjected to insult by potentially pathogenic microorganisms or bioactive molecules derived from pathogenic microorganisms, e.g., LPS, that directly ascend into the biliary tract through the duodenum or, alternatively, are brought from sites of primary infection via the portal vein (Sung et al., 1992) . Therefore, cholangiocyte recognition and response to microorganisms is a crucial first line of defense against invading pathogens in the intrahepatic bile ducts. Upon pathogen recognition, cholangiocytes secrete and respond to cytokines and chemokines (Lazaridis et al., 2004; Selmi et al., 2007) and release antimicrobial peptides such as beta-defensins (Harada et al., 2004; Chen et al., 2005) . Additionally, cholangiocytes interact with professional immune cells and may serve as antigen-presenting cells (Morita et al., 1994; Scholz et al., 1997; Cruickshank et al., 1998) . Therefore, cholangiocytes are at the interface between exogenous, potentially pathogenic insults and the host immune system. The precise mechanisms and pathophysiological consequences of cholangiocyte responses to microbial pathogens are not fully understood.
The protozoan parasite, Cryptosporidium parvum, is a causative agent of zoonotic human cryptosporidiosis. An apicomplexan, C. parvum is spread via a fecal-oral route by ingestion of oocysts. Once ingested, C. parvum oocysts excyst in the gastrointestinal tract to release 4 sporozoites that invade the apical domain of epithelial cells and form a parasitophorous vacuole in which the organism remains intracellular but extracytoplasmic. Although a predominantly intestinal pathogen, these parasites also infect cholangiocytes of immunocompromised individuals, causing a potentially life-threatening disease in patients with AIDS or individuals with hyper-IgM syndrome (Chen et al., 2002) . Various animal models of cryptosporidiosis have provided insight into the host response to intestinal infection, yet our knowledge of biliary cryptosporidiosis is restricted primarily to cell culture models. Wild-type (WT) mice are usually resistant to disease when C. parvum oocysts are given via oral inoculation, and biliary infection has not been observed in any immunocompetent animals. Persistent C. parvum infection has been observed in MyD88-and IFN-c-deficient mice as well as in severe combined immunodeficient (SCID) mice (McDonald et al., 1992; Theodos et al., 1997; Lacroix et al., 2001) . Furthermore, biliary infection by C. parvum has been reported in animal models using TNF-a-deficient and IFN-c knockout (KO) mice, or in SCID mice with the injection of IFN-c antibodies (Stephens et al., 1999; Campbell et al., 2002; Ponnuraj and Hayward, 2002) . However, biliary tract involvement in those models occurs only in a portion of the animals with intestinal cryptosporidiosis and only with chronic infection. Both human and murine models of cryptosporidiosis indicate that CD4+ T-cells play a critical role in the immune response to infection (Chen et al., 1993) . While acquired resistance to cryptosporidial infection requires T-cells with the a/b type T-cell receptor (Waters and Harp, 1996) , it is proposed that TLR-mediated innate immune responses by epithelial cells are critical to the initiation and regulation of host anti-C. parvum defense. Early studies demonstrated that C. parvum infection of intestinal epithelial cells correlates with the activation of NF-kB target genes (Laurent et al., 1997 (Laurent et al., , 1998 Seydel et al., 1998) . Indeed, the invasion of intestinal and biliary epithelial cells by C. parvum in vitro activates TLR4/MyD88/NF-kB signaling, resulting in the production and secretion of various cytokines and chemokines. These include IL-8 and IL-6 (Laurent et al., 1997; Chen et al., 2001) , PGE 2 , which stimulates mucin production (Laurent et al., 1998) , and anti-microbial peptides, e.g., b-defensins, which can kill C. parvum or inhibit parasite growth (Chen et al., 2005) . These responses not only provide the first and rapid defense against the pathogen but also mobilize immune effector cells to the infection site to activate the adaptive immune response.
We previously demonstrated that C. parvum infection induces TLR-dependent NF-kB activation in cultured human cholangiocytes. Furthermore, we demonstrated that C. parvum infection increases TLR4 protein expression in cholangiocytes (Chen et al., 2007) . In the current study, we address the role of TLR4 in murine biliary cryptosporidiosis in vivo by utilizing an approach of direct gallbladder injection of C. parvum oocysts. We demonstrate that TLR4-deficient mice display more persistent biliary cryptosporidiosis and fecal oocyst shedding while the WT C57BL mice cleared the infection by 3 wk post-infection (PI). In addition to the prolonged presence of parasites in the stool and bile, mice deficient in TLR4 had a deficient INFc and a prolonged TNFa response, cytokines that others have shown are elevated in murine models of intestinal infection and are essential for eradication, and that may have protective roles against this parasite, respectively. Interestingly, C57BL mice exhibited a transient increase in IL-6, a known proinflammatory cytokine implicated in a variety of liver pathologies, while TLR4-deficient mice exhibited persistent IL-6 elevation. Moreover, TLR4-deficient mice exhibited persistent elevation of serum aspartate transaminase (AST), and alanine transaminase (ALT), persistent portal tract inflammation, and increased cholangiocyte proliferation. In all, we demonstrate a requirement of TLR4 in the efficient eradication of C. parvum from the biliary tract, while lack of this receptor promotes an overwhelming and destructive biliary proinflammatory response.
MATERIALS AND METHODS

Parasites
Cryptosporidium parvum oocysts of the Iowa strain were purchased from a commercial source (Bunch Grass Farm, Deary, Idaho). An oocyst excystation assay was performed to determine parasite viability prior to infection (Campbell et al., 1992) . Briefly, oocysts were treated with 1% sodium hypochlorite on ice for 20 min and then subjected to an excystation solution consisting of 0.75% taurodeoxycholate and 0.25% trypsin for 30 min at 37 C. Excystation efficiency ([empty oocysts/total oocysts] 3 100) was greater than 90% within 30 min.
Mice and infection
Control C57BL/6 and TLR4-deficient (C57BL/10ScNJ; Tlr4 lps-del / Tlr4 lps-del ) genotypes were obtained from the Jackson Laboratory (Bar Harbor, Maine) and housed in the animal care facilities located on the Mayo Clinic-Rochester campus, which is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. The protocol for infection and killing of mice was approved by the Mayo Clinic Institutional Animal Care and Use Committee according to National Institute of Health guidelines. The in vivo induction of biliary cryptosporidiosis used in these mice was previously published (Verdon et al., 1998) . Briefly, C. parvum oocysts were treated on ice with a 10% bleach solution, washed twice with phosphate-buffered saline (PBS), and counted using a hemocytometer. The final concentration was adjusted to 200,000 oocysts per 25 ml PBS, which was directly injected into the gallbladder of 20 WT C57BL and 20 TLR4-deficient mice through a small abdominal incision. Mice were killed by exsanguination at 0, 1, 2, 3, and 4 wk PI time points. Livers were initially perfused with a 0.9% sodium chloride solution, and small pieces (approximately 1 g) were removed and placed in PBS containing CompleteH Mini protease inhibitors (Roche Applied Science, Indianapolis, Indiana) for protein analysis. The remaining liver was then placed in a 4% paraformaldehyde solution to preserve liver samples for paraffin embedding, histological sectioning, and hematoxylin and eosin (H&E) staining, which was performed by the Mayo Clinic histology laboratory. Serum samples were also obtained and sent to the Department of Laboratory Medicine and Pathology at Mayo Clinic-Rochester for analysis of serum chemistries, where enzyme activities for alkaline phosphatase, AST and ALT were determined using standard enzyme kinetic analyses.
Histology
For each time point, 5 WT and TLR4-deficient mice were euthanized by exsanguination and livers were removed for histological analysis. The tissues were processed as above and 4-mm sections were stained with H&E. Individual bile ducts were identified in each histological section and parasite burden in the biliary tree was performed by counting all intracellular parasite stages, using a 363 oil immersion objective, in identified bile ducts (minimum of 10/mouse section). To normalize the data, the total number of cholangiocytes was counted and the data are presented as the total number of intracellular parasites per 100 cholangiocytes.
Quantification of oocyst shedding
Stool samples were collected from each WT C57BL and TLR4-deficient mouse for each time point. Two g of fresh stool was resuspended in 1 ml PBS and homogenized. One hundred microliters of the homogenized stool samples (0.2 g of stool) were smeared onto slides and allowed to dry. The slides were then methanol-fixed and stained in carbol fuscin for 5 min. The slides were washed in PBS, decolorized in 1% acid alcohol for 30 sec, washed again, and counterstained in methyl blue for 30 sec. Slides were then analyzed by light microscopy using a 340 objective. The number of oocysts per 40 randomly selected microscopic fields was determined for each mouse sample and is presented as total number of oocysts per 40 fields per mouse at each time point.
Immunofluorescent detection of C. parvum in bile
Bile was obtained from gallbladders removed from WT C57BL and TLR4-deficient mice as follows. Intact gallbladders were placed in microcentrifuge tubes containing 100 ml of PBS plus Complete Mini protease inhibitor cocktail (Roche Applied Science). The samples were sonicated for 30 sec and allowed to rest on ice for 1 min. This was repeated 3 times. Sonicated bile samples were added to cytospin slides fitted with cardboard filters and centrifuged in a Shandon cytospin at 100 g for 5 min. The slides were allowed to dry, subsequently fixed in methanol, and incubated with a rabbit monoclonal antibody to the C. parvum Cp2 protein (O'Hara et al., 2004) for 1 hr. The slides were washed and incubated with a goat antirabbit alexa fluor 488 antibody (Invitrogen, Carlsbad, California) for 1 hr. Immunofluorescence microscopy was performed to determine the presence or absence of parasites in each sample.
Protein isolation and ELISA
To extract protein, liver samples were placed in sterile PBS containing Complete Mini protease inhibitors (Roche Applied Science) and subjected to sonication for 30 sec followed by resting on ice for 1 min. This was repeated 4 times, samples were centrifuged, and the cleared supernatant was transferred to a new tube. The expression of mouse TNFa, INFc, and IL-6 protein levels were analyzed by ELISA. Total protein concentration was determined using Bradford reagent (Sigma-Aldrich, St. Louis, Missouri), and 50 mg protein were added to 96-well plates containing capture antibodies specific to mouse TNFa (Alpha Diagnostics, San Antonio, Texas), INFc (Abcam, Cambridge, Massachusetts), and IL-6 (R&D Systems, Minneapolis, Minnesota), or to human IL-6 (R&D Systems). The plates were incubated for 1 hr at room temperature, washed, and then incubated with the appropriate secondary antibody for 1 hr at room temperature. Plates were washed again and a substrate solution was added to each well and incubated for 30 min. After incubation with substrate solution, a stop solution was added to each well and the plates were read at 450 nm (reference filter: 630 nm).
H69 cell line and C. parvum in vitro infection
H69 cells are SV40-transformed normal human cholangiocytes originally derived from normal liver harvested for transplant. These cholangiocytes continue to express biliary epithelial cell markers, including cytokeratin 19, cglutamyl transpeptidase, and ion transporters consistent with biliary function and have been extensively characterized (Grubman et al., 1994) . Cryptosporidium parvum oocysts of the Iowa strain were purchased from a commercial source (Bunch Grass Farm). Oocysts were excysted to release infective sporozoites as previously described (O'Hara et al., 2009) , and H69 cells were infected with a 1:1 ratio of sporozoite:cell. H69 cells were transfected with a TLR4-dominant negative (DN) plasmid using Fugene HD transfection reagent (Roche Applied Science) following the manufacturer's protocol.
Stably transfected cells were selected with 2 mg/ml of G418 sulfate (CellGro, Manassas, Virginia) to culture media, and selected cells were maintained in culture media containing 1 mg/ml G418 sulfate. TLR4-DN plasmids are kinase-inactive dominant negative mutants of TLR4. Normal H69 and H69 cells stably transfected with TLR4-DN cells were grown in 6-well plates and cultured in the presence or absence of C. parvum for 4, 12, or 24 hr. After each time point, cells were washed twice with PBS and treated with M-PER (Pierce, Rockford, Illinois) containing Complete Mini protease inhibitors.
Proliferating cell nuclear antigen (PCNA) staining PCNA staining was performed on slides containing paraffin-embedded liver sections from WT C57BL and TLR4-deficient mice. Paraffin sections were deparaffinized twice for 15 min in 100% xylene and hydrated by washing in increasing ethanol dilutions. The slides were subjected to boiling in citrate-based antigen unmasking solution (Vector Laboratories, Burlingame, California) for 30 min and allowed to cool to room temperature for 20 min. Slides were incubated in a blocking solution (1% bovine serum albumin, 5% goat serum in PBS) and then incubated with a rabbit polyclonal antibody against PCNA (Abcam) for 1 hr at room temperature. Slides were then washed, incubated with a goat antirabbit alexa fluor 488 secondary antibody (Invitrogen) for 1 hr at room temperature, and then analyzed by confocal microscopy for the presence of PCNA-positive cholangiocytes.
Statistical analysis
All values are given as mean ± SE. Means of groups were compared with Student's t-test (unpaired) or ANOVA test when appropriate. Pvalues ,0.05 were considered statistically significant.
RESULTS
TLR4-deficient mice were inefficient at clearing C. parvum infection WT and TLR4-deficient C57BL mice were infected by direct injection of C. parvum oocysts into the gall bladder. H&E staining of liver samples was performed to confirm infection of the biliary epithelium ( Fig. 1A-D) . WT mice showed presence of C. parvum parasites in the intrahepatic bile ducts at week 1 PI (Fig. 1A) but no parasites were detected by week 4 PI (Fig. 1C) . In TLR4-deficient mice, parasites were detected in the intrahepatic bile ducts at week 1 PI (Fig. 1B) ; however, parasites were also observed on the apical surface of cholangiocytes through 4 wk PI (Fig. 1D ). Quantitative analysis of parasites identified in H&E-stained sections (number of identifiable infection sites/100 cells) in WT and TLR4-deficient mice, at weeks 1 and 4 PI, showed significantly greater parasite burden in TLR4-deficient mice compared to WT mice (Fig. 1E) . The course of infection was also monitored by quantifying oocyst shedding in the stool of WT and TLR4-deficient mice (Fig. 1F) . WT mice exhibited a greater number of oocysts shed at 1 wk PI, with a significant drop in oocyst shedding at week 2; by the third week PI, oocysts were undetected in stool samples. Conversely, stool samples from TLR4-deficient mice showed an increase in oocyst shedding from weeks 1 to 4 PI, with a significantly greater number of oocysts shed at weeks 2, 3, and 4 compared to WT mice (Fig. 1F) . To further assess the presence of C. parvum in the biliary tree, immunofluorescence for the parasite was performed on bile obtained from infected mice. C. parvum was detected in the bile of TLR4-deficient mice from week 1 through week 4 PI, while no parasites were detected at 3 or 4 wk PI in the WT animals (data not shown).
TLR4-deficient mice exhibit an altered proinflammatory cytokine response following C. parvum biliary infection
Given that TLR4 aggregates at sites of C. parvum internalization and contributes to NF-kB activation in infected cultured cholangiocytes, we addressed whether the lack of TLR4 alters the hepatic proinflammatory response. Protein levels of proinflammatory cytokines INFc, TNFa, and IL-6 were analyzed in WT and TLR4-deficient mice from 0 to 4 wk PI in homogenized infected livers. Protein levels of INFc were slightly elevated in infected WT mice and peaked at week 1 PI (P , 0.05) but returned to pre-infection (0 wk) levels by week 2 (Fig. 2A) . Conversely, INFc in TLR4-deficient mice did not increase significantly at any time point (Fig. 2A) . TNFa protein levels in the livers of WT mice peaked 2 wk PI (P , 0.05) and, by week 3 PI, were not significantly different from pre-infection levels. However, TNFa expression in the liver of TLR4-deficient mice was significantly elevated compared to the pre-infected mice by 3 wk PI and remained elevated to week 4 PI (Fig. 2B) .
We next addressed the expression of IL-6, a proinflammatory cytokine associated with hepatobiliary diseases (Demetris et al., 2006) . Hepatic IL-6 levels in C57BL mice peaked at week 1 PI (P , 0.05) and decreased thereafter to levels similar to those seen in the pre-infected mice (Fig. 2C) . Interestingly, in TLR4-deficient mice, IL-6 protein levels peaked 1 wk PI and remained elevated through week 4 PI. Overall, levels of IL-6 were significantly greater in TLR4 KO mice at weeks 1, 3, and 4 PI compared to WT mice at these same time points (Fig. 2C) , showing a greater disparity between the TLR4-deficient and WT mice for this proinflammatory cytokine compared to that observed for INFc and TNFa. Given that cholangiocytes secrete and respond to IL-6, we asked whether TLR4 deficiency in cultured human cholangiocytes resulted in increased IL-6 expression following C. parvum infection. H69 cells, an SV40-transformed cholangiocyte cell line originally obtained from a normal human liver harvested for transplant (Grubman et al., 1994) , and H69 cells stably transfected with a plasmid expressing a kinase dead TLR4-DN, were infected with C. parvum for 4, 12, and 24 hr, and IL-6 present in the culture media was measured by ELISA (Fig. 2D) . While IL-6 levels in infected H69 cells peaked 4 hr PI and diminished by 12 hr PI, IL-6 levels in infected TLR4-DN cells peaked at 12 hr PI and remained elevated throughout the 24-hr period (Fig. 2D ).
TLR4-deficient mice exhibit elevated serum liver enzymes following C. parvum infection
We next addressed whether TLR4-deficient mice exhibited altered serum liver enzyme biochemistries compared to the WT C57BL mice. Alkaline phosphatase, AST, and ALT activities were analyzed from serum samples taken from C57BL and TLR4-deficient mice at 0, 1, 2, 3, and 4 wk PI (Fig. 3) . High levels of serum alkaline phosphatase are frequently associated with inflamed bile ducts or cholestasis, while elevated AST and ALT could indicate liver injury or damage. Alkaline phosphatase activity, while remaining at a similar level in C57BL mice, was slightly, but significantly, elevated in TLR4-deficient mice at 1 wk PI and decreased thereafter (Fig. 3A) . AST activity peaked at 2 wk PI for both WT and TLR4-deficient mice. However, serum AST decreased in C57BL mice by 3 wk PI. In contrast, the TLR4-deficient mice exhibited elevated AST through 4 wk PI. AST levels were significantly higher in TLR4-deficient mice at week 4 PI compared to WT mice at this same time point (Fig. 3B) . ALT levels also peaked at week 2 PI for both WT and TLR4-deficient mice. However, ALT serum levels in WT C57BL mice decreased to levels no different than the pre-infected mice by 3 wk PI.
Conversely, the TLR4-deficient mice exhibited elevated levels of ALT through 4 wk PI. ALT serum levels were significantly higher in TLR4-deficient mice at weeks 3 and 4 compared to WT C57BL mice (Fig. 3C ).
TLR4-deficient mice exhibit increased portal tract inflammation, hepatocellular necrosis, and cholangiocyte proliferation following C. parvum infection
To see if the elevated IL-6, AST, and ALT correlated with increased liver pathology, liver histology of H&E stained tissues was evaluated (Fig. 4) . C57BL mouse livers exhibited minimal to moderate inflammation in the portal region, primarily polymorphonuclear leukocytes, at week 1 PI (Fig. 4A ). Mild to moderate portal tract inflammation was also observed at 2-3 wk PI, as was slight ductular proliferation (not shown). Inflammation levels were reduced in C57BL mice by 4 wk PI and histology appeared normal (Fig. 4B) , which is consistent with the observed cytokine and liver enzyme levels observed in these mice. In contrast, H&E-stained liver sections from TLR4-deficient mice exhibited moderate to severe inflammation with multifocal necrosis and ductular proliferation from weeks 1 to 4 PI (Fig. 4C, D) . These observations were in accordance with the high levels of AST and ALT in TLR4-deficient mice at week 4 PI, indicating hepatocellular liver injury. Given that IL-6 is known to induce cholangiocyte proliferation in response to lipopolysaccharide (Park et al., 1999) , and was elevated throughout the course of the experiment in TLR4-deficient mice, we examined cholangiocyte proliferation using PCNA staining. Liver sections of C57BL mice, stained for PCNA, demonstrated a minimally increased level of cholangiocyte proliferation at 1 wk PI (Fig. 5A) and minimal proliferation at week 4 (Fig. 5B) . In contrast, TLR4-deficient mice exhibited persistent proliferation from 1 wk through 4 wk PI, consistent with the observed elevated expression of IL-6 (Fig. 5C, D) . The level of cholangiocyte proliferation was quantified by counting the number of PCNA-positive cells per bile duct from a minimum of 10 ducts and 3 mice for each group (30 ducts minimum). TLR4-deficient mice exhibited increased PCNA staining compared to WT controls at both 1 wk and 4 wk PI (Fig. 5E) . Quantitative analysis showing parasite number in the intrahepatic bile ducts in the WT and TLR4 KO mice at 1 and 4 wk PI. (F) WT and TLR4 KO stool samples were stained with carbol fuscin and analyzed by light microscopy. WT mice showed a greater number of oocysts shed in the stool at week 1 PI with a significant drop at week 2. Oocysts were undetected by weeks 3 and 4 PI. Conversely, oocyst shedding was detected in KO mice from week 1 to week 4 PI, indicating persistence of C. parvum infection. *P , 0.05; **P , 0.01 compared to WT.
DISCUSSION
The results of our study provide the first direct evidence that TLR4 is required for efficient elimination of C. parvum from the biliary tree, and lack of this receptor results in increased hepatic injury following infection. Using an in vivo model of biliary cryptosporidiosis we demonstrate that: (1) TLR4-deficient C57BL mice are less efficient at clearing the parasite from the biliary tree, (2) TLR4-deficient mice show an altered proinflammatory cytokine response, particularly with respect to the proinflammatory cytokine, IL-6, and (3) TLR4-deficient mice exhibit a more severe liver pathology following infection with C. parvum. Our findings demonstrate a role for TLR4 in the elimination of C. parvum as well as an unexpected protective role for TLR4 in regulating proinflammatory cytokine expression.
TLRs are an evolutionarily conserved family of cell surface pattern-recognition proteins that play a key role in host immunity through detection of pathogens and the initiation of the innate immune response (Takeda et al., 2003; Akira and Takeda, 2004; Modlin and Cheng, 2004) . Epithelial cells express TLRs, and activation of TLRs triggers an array of epithelial defense responses. Using both cultured human cholangiocytes and normal human liver, we previously demonstrated that all 10 known TLRs are expressed in cholangiocytes (Chen et al., 2005) . Furthermore, we found that C. parvum infection induced an increase in TLR4 protein expression in cholangiocytes and that this molecule accumulates at sites of parasite-host cell interaction (Chen et al., 2005 (Chen et al., , 2007 . Having shown that TLR4 is involved in the infection dynamics of C. parvum in cholangiocytes in vitro, we were able to show, through our current study, that mice lacking TLR4 were less efficient at clearing the infection from the biliary tract, as evidenced by the persistence of parasites found in bile and on the apical membrane of the intrahepatic biliary epithelium. Previous research has shown that, in the absence of MyD88, an adaptor protein involved in most TLR-signaling pathways, mice infected with C. parvum had a greater parasite burden in the intestinal tract compared to WT mice (Rogers et al., 2006) . Additionally, MyD88 deficiency coupled with IFNc inactivation resulted in an increase in intestinal parasite burden and inflammation (Rogers et al., 2006) . In the present study, we demonstrate a functional role for TLR4 in mounting an efficient inflammatory response against biliary cryptosporidiosis in mice, resulting in parasite clearance and limiting of tissue damage. Indeed, we propose that the inability to activate TLR4 is associated with the overexpression of the proinflammatory cytokine IL-6, which may promote liver pathology.
CD4+ T-cells and INFc play a dominant role during the immunological response to murine C. parvum infection. Indeed, clearance of C. parvum infection in mice requires CD4+ T-cell production of IFNc (Ungar et al., 1991; Wyatt et al., 1997; McDonald et al., 2000; Gomez Morales et al., 2004) . The role of the proinflammatory cytokine TNFa during C. parvum infection is less clear. This cytokine is increased in the intestine following infection of mice (Lacroix et al., 2001;  FIGURE 2. Analysis of proinflammatory cytokine expression (ELISA) in homogenized livers of C. parvum infected wild-type (WT) (solid lines) and toll-like receptor 4 (TLR4)-deficient (dashed lines) C57BL mice. (A) IFNc expression in WT mice peaked at week 1 PI and was significantly greater than pre-infected (0 wk) WT mice (*, P , 0.05) and week 1 PI TLR4-deficient mice (#, P , 0.05). The expression of IFNc in infected TLR4-deficient mice was not significantly increased compared to pre-infected TLR4-deficient mice (0 wk). (B) TNFa expression in WT C57BL mice peaked at week 2 PI and was significantly elevated compared to pre-infected C57BL mice (*, P , 0.05). By weeks 3 and 4 PI, the expression of TNFa in TLR4-deficient mice was significantly greater than pre-infected TLR4-deficient mice (*, P , 0.05). Expression of TNFa was not significantly different between the WT and TLR4-deficient C57BL mice at any time point. (C) IL-6 expression in WT mice peaked 1 wk PI and was significantly increased compared to pre-infected WT mice only at this time point (*, P , 0.05). In contrast, IL-6 expression in TLR4-deficient mice was significantly increased compared to pre-infected TLR4-deficient mice at weeks 1-4 PI (*, P , 0.05). Furthermore, IL-6 expression was significantly increased compared to WT C57BL mice at weeks 1, 3, and 4 PI (#, P , 0.05). (D) IL-6 was measured by ELISA in infected cultured human cholangiocytes (H69, solid line) and H69 cells stably expressing the TLR4-DN (dashed line). IL-6 expression peaked at 4 hr PI in H69 cells and was significantly elevated compared to pre-infected H69 cells (0 hr) (*, P , 0.05) and TLR4-DN expressing cells 4 hr PI (#, P , 0.05). IL-6 expression in cells expressing the TLR4-DN peaked at 12 hr PI and was significantly elevated compared to pre-infected TLR4-DN-expressing cells (*, P , 0.01) and H69 cells at 12 and 24 hr PI (#, P , 0.01). Values are presented as mean ± SE. Ehigiator et al., 2005) , and administration of TNFa to C57BL6 IFN-KO mice and reduced oocyst shedding (Lacroix et al., 2001) . It is proposed that murine INFc is essential in the initial response to the parasite, while TNFa may play a protective role and contribute to inhibition of parasite development (Lean et al., 2006) . We demonstrated that hepatic protein expression of IFNc and TNFa modestly increased over pre-infection levels in C57BL mice. In contrast, we demonstrated that TLR4-deficient mice did not mount a significant IFNc response throughout the duration of the experiment. Furthermore, our results show elevated levels of TNFa at weeks 3 and 4 PI in the TLR4-deficient mice. Interestingly, TLR4-deficient mice exhibited increased expression of the proinflammatory cytokine IL-6 throughout the duration of the experiment. Moreover, we also demonstrated increased IL-6 expression in infected TLR4-DN expressing cultured cholangiocytes (H69 cells) compared to untransfected H69 cells in vitro, indicating that this receptor may function to regulate IL-6 expression in these cells. TNFa and IL-6 are critically involved in many hepatobiliary diseases. It has been proposed that IL-6, which is expressed by multiple cell types including epithelial cells, can control the balance between T helper (Th) 1/Th2 differentiation. In this early model of Th1/Th2 differentiation, IL-6 works by both suppressing Th1 differentiation by inducing the expression of suppressor cytokine signaling 1 (SOCS1), hence diminishing IFNc expression (Diehl et al., 2000) , and by promoting Th2 differentiation through the upregulation IL-4 expression (Rincon et al., 1997) . More recently, IL-6 with concurrent TGFb expression has been implicated in the promotion of Th17 differentiation of CD4+ T-cells. Interestingly, Th17 proinflammatory responses have been implicated in several hepatobiliary diseases (Harada et al., 2009; Ye et al., 2010) . While we did not directly address Tcell differentiation, TLR4-deficient mice, which exhibited persistently elevated IL-6 production, did not express significant levels of IFNc. This observation suggests that TLR4 may not only be involved in the eradication of C. parvum from the biliary tree, but the lack of this receptor may promote proinflammatory T-cell differentiation pathways in response to C. parvum (Schnare et al., 2001) .
Whereas IL-6 secretion is involved in many aspects of an inflammatory and host defense response, excess production of this cytokine can be involved in sustaining inflammation and cell proliferation. More specifically, IL-6 has been implicated in many chronic inflammatory diseases of the liver and may be involved in the development of cholangiocarcinoma (Okada et al., 1994; Meng et al., 2006; Wehbe et al., 2006) . From our study, infection of TLR4-deficient mice, which correlates with elevated IL-6 expression, is associated with severe liver pathology. Evidence of this is shown by significantly elevated levels of ALT and AST, known indicators of hepatocellular injury, through 4 wk PI in the TLR4-deficient mice. Histology and PCNA staining of liver samples taken from WT and TLR4-deficient mice provide further evidence of the hepatobiliary pathology. H&E staining of C. parvum-infected liver tissue from TLR4-deficient mice showed moderate to severe portal tract inflammation with hepatocellular necrosis, and PCNA staining demonstrated proliferation of biliary epithelial cells in these same mice, an indicator of cholestatic disease. Cryptosporidium parvum is a lumenal parasite; therefore, the hepatocellular injury in this model is likely not the result of direct infection. While the precise mechanism of hepatocellular injury was not directly addressed, it is possible that the infection and associated inflammatory response induced cholestasis, a known cause of hepatocellular injury, including necrosis (Trauner et al., 1999) . Taken together, we show that a deficiency of TLR4 results in altered cytokine production and chronic inflammation. FIGURE 3. Liver enzyme serum biochemistries. Sera were obtained from C. parvum infected wild-type (WT) and toll-like receptor 4 (TLR4)-deficient C57BL mice. (A) Serum alkaline phosphatase (Alk Phos) activity in WT C57BL mice was not significantly elevated at any time point compared to the pre-infected WT mice (0 wk). In contrast, at 1 wk PI, the Alk Phos activity of C. parvum-infected TLR4-deficient mice was significantly elevated compared to the pre-infected (0 wk) TLR4-deficient mice. (B) Serum aspartate transaminase (AST) activity peaked at week 2 PI for both WT and TLR4-deficient C57BL mice, reaching significance for the TLR4-deficient mice when compared to pre-infected animals (*, P , 0.05). AST diminished in WT C57BL mice by week 3 PI but remained significantly elevated in the TLR4-deficient mice at weeks 3 and 4 PI (*, P , 0.05). In addition, AST activity in TLR4-deficient mice was significantly elevated compared to WT mice at the 4-wk PI time point (#, P , 0.05). (C) Serum alanine transaminase (ALT) levels again peaked at week 2 PI for both WT and TLR4-deficient mice and were significantly elevated compared to pre-infected mice (*, P , 0.05). In WT mice, ALT diminished to pre-infection levels by week 3 PI. In contrast, C. parvum-infected TLR4-deficient mice exhibited elevated ALT at weeks 3 and 4 PI compared to both pre-infected animals (*, P , 0.05) and WT infected mice at the same time points (#, P , 0.05). Values are presented as mean ± SE.
While our study demonstrates an essential role of TLR4 in the efficient eradication of biliary cryptosporidiosis in vivo, and thus the maintenance of a protective but not destructive immune response, it does not address the mechanisms of how TLR4 activation clears the infection. We demonstrate that TLR4 is required for an efficient IFNc response, yet it is likely that other components of the host innate immune response are critical for the eradication of C. parvum and are dependent on TLR4 FIGURE 5. Cholangiocyte proliferation was assessed by proliferating cell nuclear antigen (PCNA) staining of C. parvum-infected wild-type (WT) (top panels) and toll-like receptor 4 (TLR4)-deficient (bottom panels) mice. (A) WT C57BL mice exhibited minimal ductular proliferation at 1 wk PI. (B) By 4 wk PI, the levels of proliferation decreased to undetectable levels in WT mice. Cryptosporidium parvum-infected TLR4-deficient mouse livers exhibited increased levels of cholangiocyte proliferation at 1 wk PI (C) through 4 wk PI (D). (E) The level of cholangiocyte proliferation was quantified by counting the number of PCNA-positive cells per bile duct from a minimum of 10 ducts and 3 mice for each group (30 ducts minimum). TLR4-deficient mice exhibited increased PCNA staining compared to WT controls at both 1 and 4 wk PI; *, P , 0.01 compared to WT at same time point.
signaling. For instance, cholangiocyte expression of human beta defensin-2 (HBD2), an antimicrobial peptide, is TLR-dependent, and C. parvum infection of cultured H69 cells causes increased expression of HBD2 (Chen et al., 2005) . Therefore, it is probable, if not likely, that the mouse homologue of hBD2 (mBD3) contributes to the eradication of biliary C. parvum in our mouse model and merits further investigation.
In summary, using a mouse model of C. parvum biliary infection, we have identified a functional role for TLR4 in the eradication of the parasite and the regulation of an effective cytokine response to infection. It would be of interest to extend these studies to identify the mechanism and consequences of TLR4-dependent regulation of the proinflammatory cytokine IL-6 and to determine whether aberrant IL-6 expression alters CD4+ T-cell differentiation and ultimately promotes liver pathology. Furthermore, an investigation of the precise mechanism through which TLR4 promotes parasite eradication from the biliary tree is merited.
